Studies were conducted to assess the importance of soil-borne pathogens as impediments to the production of direct-drilled wheat following Kentucky bluegrass in rotation. Bluegrass sods were collected as cores from commercial seed fields in October (after open-field burning) and in December and March (after exposure to normal freezing and thawing), treated with glyphosate after a 2-to 3-week period of green-up in the glasshouse, and then planted to wheat 21 days later. Wheat seedlings in the 3-to 4-leaf stage were stunted and spindly in either burned or nonburned sods collected in October, but grew significantly better in burned than nonburned sods collected in December and March. Fumigation (methyl bromide), simulated tillage, and application of metalaxyl as a drench, singly or as combined treatments, improved the growth of wheat in nonburned sods. Growth of wheat in nontreated burned sods collected after frost had penetrated the upper portions was equivalent to that in fumigated sods. Experimental freezing at ¹20ЊC for up to 96 h, of burned and nonburned sods collected in October, followed by thawing also improved the growth of wheat subsequently sown directly into these sods. The stunted and spindly seedlings had roots girdled and severed by lesions typical of Rhizoctonia root rot. Isolates of Rhizoctonia cerealis were recovered from these roots and caused poor seedling emergence and stunted root and shoot growth of both wheat and bluegrass. The results suggest that both R. cerealis and Pythium spp. are potentially important soil-borne pathogens of wheat when following Kentucky bluegrass in rotation and that burning done routinely to improve the yield of bluegrass seed can also reduce the potential for damage caused by Rhizoctonia and Pythium root rots of wheat seeded directly into bluegrass sod.
INTRODUCTION
Northern Idaho and eastern Washington produce approximately 65% of the Kentucky bluegrass (Poa pratensis) seed in the United States (Ensign et al., 1983) . This same region is also well-suited for dryland cereals, and fields are commonly rotated to wheat or barley after 5-10 years in bluegrass. The aetiology and epidemiology of root diseases of Kentucky bluegrass, and root diseases that limit yields when wheat follows Kentucky bluegrass in rotation, have not been studied.
Postharvest open-field burning has played an important role in maximizing the production of grass seed throughout the Pacific North-west since the late 1940s (Hardison, 1980) . As a standard practice, Kentucky bluegrass seed fields are harvested in July or early August and burned mid-August through September. Several theories, ranging from a decrease in pest populations to increased light penetration as a result of the removal of plant residue, have been proposed to account for the increased-yield response of bluegrass to field burning (Hardison, 1948 (Hardison, , 1976 (Hardison, , 1980 Gray & Guthrie, 1977; Ensign et al., 1983) , but the actual mechanism(s) for this response remains unknown. Wheat direct-drilled into stubble of the previous wheat crop also grows and yields better when residue is burned than when the stubble is left standing and not burned (Cook & Haglund, 1991) . Likewise, in this same region, wheat direct-drilled into bluegrass sod grows and yields significantly better if the bluegrass residue is burned prior to planting (Cook, unpublished observations) . Cook & Haglund (1991) demonstrated that the improvement in yield of direct-drilled wheat in response to burning stubble from the previous wheat crop was due to a reduction in damage from root diseases, namely take-all caused by Gaeumannomyces graminis var. tritici Rhizoctonia root rot caused mainly by Rhizoctonia solani AG-8, and Pythium root rot caused by several species of Pythium. They proposed that, in the absence of burning, the crop residue that remains on the soil surface creates a cooler and wetter environment in the upper few centimeters of the soil profile, making the soil more favourable to the development of all three diseases. In contrast, the surface layer of soil made bare by burning tends to warm and dry faster, creating a soil environment less favourable to the development of these diseases. Soil with no crop residue on the surface also tends to freeze sooner, deeper and more frequently in the fall or early winter than soil that is insulated by surface residues.
Since direct-drilled wheat responded similarly to open-field burning of crop residue whether the previous crop was bluegrass or wheat, it follows that the reason(s) for these yield responses could also be similar. Kentucky bluegrass is not a host of G. graminis var. tritici (Sprague, 1950) but is a host of species of Rhizoctonia and Pythium with the potential to cause root disease of wheat. In New York state, Rhizoctonia cerealis severely damaged winter wheat in fields previously cultivated to bluegrass sod for turf (R. W. Smiley, Columbia Basin Agricultural Research Station, 1995, personal communication) , and in the United Kingdom, R. cerealis caused significant damage when wheat followed grass in rotation (Richardson & Cook, 1985) . In Australia, Rhizoctonia root rot caused by R. solani AG-8 was more severe when wheat followed grass-medic pasture than when preceded in the rotation by peas or wheat (Rovira, 1986) . Therefore, we conducted a study to determine the role and identity of soil-borne pathogens as impediments to wheat production following Kentucky bluegrass, and to determine whether soilborne pathogens may also have a role in suppressing growth of Kentucky bluegrass.
MATERIALS AND METHODS

Growth of wheat in bluegrass sods
Cores composed of sod and associated soil were obtained from commercial Kentucky bluegrass seed production fields in the Palouse region of eastern Washington. Burning of bluegrass fields to remove postharvest residue was done by the grower as normal practice in September of each year. In initial studies, nonburned sods were collected in April 1993 from a field located 3 km south of Pullman, WA. This field was not available for sod collection during the ensuing sampling periods. Both burned and adjacent nonburned sods were collected in October 1993 , December 1993 , March 1994 and October 1994 from fields located on a farm 6 . 4 km east of Fairfield, WA. Sods collected from this farm between October 1993 and March 1994 were from the same field, but this field was rotated out of bluegrass after harvest in 1994. Sods collected in October 1994 were from a field on the same farm immediately adjacent to the field where the original sod sampling was conducted; both fields were of the same soil type and cropping history. Sod samples were obtained along a burn line in each field so that burned and nonburned sods could be collected side by side in the same field. Sod cores were cut with a shovel to fit into plastic pots (16 cm diameter × 18 cm depth) and were watered and maintained in these pots in the glasshouse at 15ЊC under natural light. After 21 days, burned and nonburned sods were sprayed with glyphosate [N-(phosphonomethyl) 
) to kill the bluegrass. In practice, bluegrass fields intended for winter wheat are sprayed with glyphosate in August, shortly after or sometimes just prior to harvest, and planted to winter wheat in October either with or without burning in September to eliminate the harvest residue. Fourteen days after the glyphosate application, sods received one of the following treatments: (i) 250 mL metalaxyl (20 mg L ¹1 ) applied as a soil drench; (ii) simulated tillage performed by manually breaking sods apart, mixing the soil and returning the mixed soil to the respective pots; (iii) simulated tillage þ 250 mL metalaxyl (20 mg L
¹1
) as a drench; (iv) fumigation with methyl bromide; or (v) no treatment. Fumigation was conducted by placing potted sods under a plastic tarpaulin, with the edges of the tarpaulin (5 m 2 ) buried to contain the fumigant, and releasing 110 g of methyl bromide under the tarpaulin at a single injection point. Fumigated sods were retrieved after 72 h and returned to the greenhouse. Three weeks after glyphosate application, the treated and control sods were then sown with 20 seeds of 'Penawawa' spring wheat. Each treatment was replicated five times, except for experiments conducted with sods collected in December 1994, which were replicated eight times. A 4-mm diameter metal probe was used to create a 2-cm deep opening in the sod or mixed soil, and one seed was placed in each opening and covered with the same soil. Wheat seedlings were grown in the glasshouse at 15ЊC and were harvested after 21 days, except those grown in sods collected in March 1994, when seedlings were harvested 35 days after sowing. For experiments using sods collected in December 1994, wheat seedlings in three of the eight sods for each treatment were harvested after 14 days and the number of seminal roots with lesions was recorded.
Effect of sod freezing on wheat growth
Bluegrass sods collected from Fairfield, WA, were subjected to controlled freezing and then thawed and sown to wheat as described above. Burned and nonburned bluegrass sods collected during October 1994 were incubated at ¹20ЊC for 0, 48 or 96 h and then allowed to thaw on a greenhouse bench at 15ЊC without supplemental lighting for 4 days prior to sowing 20 wheat seeds in each of three sods for each treatment. Wheat seedling dry-weights were determined after 21 days at 15ЊC. The experiment was repeated.
Recovery and identification of Rhizoctonia spp. from bluegrass sod
Rhizoctonia spp. were baited from bluegrass sods with wheat seedlings. Sods were sown with wheat seeds as described above and plants were harvested after 14 days. Wheat roots with lesions were washed in running tap water for 1 h and then segments (2-3 mm) were excised, placed on water agar amended with ampicillin (100 mg mL ¹1 ), or benomyl (0 . 5 mg mL ¹1 ) and ampicillin (100 mg mL
¹1
), and the plates incubated at 20ЊC for 72 h. Fungal hyphae growing from diseased root segments were examined using a dissecting microscope (×40). Rhizoctonia-like hyphae were transferred to potato dextrose agar (Difco, Detroit, MI, USA) and the nuclear condition was determined by staining with 1% aniline blue acidified with HCl (Tu & Kimbrough, 1973) . Anastomosis tests were conducted on 2% water agar (Parmeter et al., 1969) with known tester strains to determine the identity of the Rhizoctonia isolates.
Pathogenicity tests
Isolates of Rhizoctonia recovered from wheat seedlings grown in bluegrass sod were tested for pathogenicity toward both wheat and Kentucky bluegrass. Both tests were conducted in natural Puget silt loam from the Washington State University Research and Extension Unit at Mount Vernon, WA, as described by Mazzola et al. (1996) . Each growth tube was planted to two wheat seeds or 10 bluegrass seeds. Experiments were conducted using a randomized complete block design with 10 tubes in each of two replicates for each isolate of Rhizoctonia. Plants were grown in environmental growth chambers at 15ЊC and a 12-h photoperiod. Wheat was harvested after 21 days and emergence, root and shoot dry weight, the number of seminal roots, and symptoms of root disease were assessed. Kentucky bluegrass seedlings were harvested at 35 days after sowing to determine seedling emergence, evidence of root disease and plant dry weight. The effect of R. cerealis on emergence of Kentucky bluegrass also was assessed in experiments conducted as described above in environmental growth chambers at 10ЊC.
RESULTS
Effect of sod treatments on wheat growth
The appearance of wheat sown directly into sods ranged from various degrees of stunting and spindly growth in some sods to normal healthy seedlings in other sods, depending on the date the sod was collected, treatments applied to the sods, and whether the sods had been collected from the burned or nonburned portion of the same bluegrass field. Seedlings grew poorest in both burned and nonburned control sods collected in October of 1993 and 1994 (approximately 2 weeks after burning) (Table 1) , but grew significantly better in burned than in nonburned sods collected in either December 1993 (P ¼ 0 . 0007) or March 1994 (P ¼ 0 . 009). Growth of wheat sown in burned sods collected during December 1993 or March 1994 was equivalent to that in fumigated sods (Table 1) . Metalaxyl alone failed to enhance the growth of wheat sown into burned bluegrass sods collected during October of either year. However, simulated-tillage þ metalaxyl improved the growth of wheat sown into burned sods collected during October 1993 and 1994, and simulated-tillage alone (no metalaxyl) and soil fumigation each improved the growth of wheat in burned sods collected during October 1994.
Simulated-tillage þ metalaxyl improved the growth of wheat sown in nonburned sods collected in April 1993 from 29 . 1 mg to 43 . 4 mg, whereas simulated-tillage alone had no effect (average plant dry weight ¼ 29 . 6 mg) on wheat growth in these sods. Fumigation improved the growth of wheat planted into nonburned sods collected in October 1994, and simulated-tillage þ metalaxyl enhanced wheat growth in nonburned sods collected in October 1993 and 1994. In addition, metalaxyl alone produced a growth response in nonburned sods collected in October 1993 and simulated tillage alone produced a growth response in nonburned sods collected in October 1994 (Table 1) . Plant dry weights of wheat sown into nonburned sods collected during December or March increased, and were not significantly different, in response to each of the treatments: fumigation, simulated tillage, and simulated-tillage þ metalaxyl, but metalaxyl alone was not effective (Table 1) .
Roots of the stunted and spindly seedlings showed symptoms including sunken-brown lesions that girdled and severed the roots, producing 'spear tips'. Wheat seedlings grown in nontreated burned sods collected during December of 1993 had significantly (P < 0 . 01) fewer spear-tipped roots than did seedlings grown in nontreated nonburned sods. Plants grown in sods that had been treated by fumigation, simulatedtillage, or simulated-tillage þ metalaxyl likewise had significantly (P < 0 . 05) fewer spear-tipped roots than those grown in nontreated (control) sods or sods treated with metalaxyl alone (Table 2) .
Influence of controlled freezing
Exposure of bluegrass sods collected in October 1994 to freezing temperatures (¹20ЊC) had a significant beneficial effect on growth and emergence of wheat sown into intact sods (Table 3 ). The emergence of wheat sown into either burned or nonburned bluegrass sods increased in response to the freezing of sods prior to planting. Although a positive trend in the growth of wheat was observed with an increase in the duration of incubation at ¹20ЊC, the response was significant only with nonburned sods. 10bA  19aA  7cB  44aA  23bB  21bA  18bA  Tillage  14bA  14bA  17aA  16aA  57aA  49aA  30aA  28aA  Metalaxyl  13bA  19aA  19aA  10bcB  54aA  34abB  20bA  20bA  Tillage þ metalaxyl  20aA  21aA  21aA  15abB  57aA  45aB  35aA  33aA  Fumigation  -b   -21aA  22aA  46aA  49aA  37aA  34aA a Means within a column followed by the same lower case letter, and means within rows within sampling date followed by the same upper case letter, do not differ significantly (P ¼ 0 . 05) based on Tukey's multiple comparison procedure. b Not tested. a Emergence data were transformed using arcsine √ p, where p is a proportion, prior to statistical analysis. Means within a column followed by the same letter are not significantly (P ¼ 0 . 05) different based on Tukey's multiple comparison procedure. 
The effect of R. cerealis on growth of wheat and Kentucky bluegrass
In spite of symptoms characteristic of root rot caused by R. solani AG-8, this pathogen was not recovered from any of 1500 wheat root segments with lesions plated on water agar amended with either ampicillin or ampicillin þ benomyl. Among those Rhizoctonia-like isolates recovered from lesioned and spear-tipped roots of wheat grown in bluegrass sod, hyphal anastomosis was observed between 12 binucleate isolates and the tester isolates 2-3s-3 and C-610 of R. cerealis. These same isolates did not anastomose with isolates of Rhizoctonia belonging to any other anastomosis group, and therefore were identified as Rhizoctonia cerealis. Seven isolates of R. cerealis were tested for their pathogenicity toward wheat and Kentucky bluegrass seedlings. All significantly reduced root and shoot dry weight of 21-day-old wheat seedlings, caused the stunting of seedlings, and delayed or inhibited seminal root development (Table 4) . Most caused similar amounts of damage on wheat, but isolate CKR6 caused significantly less damage to seedlings than isolate CKR3 as measured by root dry weight, the number of seminal roots at harvest, and shoot length. Kentucky bluegrass seedlings were also severely damaged by R. cerealis. At 10ЊC, no emergence was observed for seedlings grown in soil infested with any of the seven isolates of R. cerealis, while seedling emergence was 72% and 68% in noninfested soil and soil infested with R. solani AG-8 isolate C-1 (an isolate in our collection obtained originally from barley and highly pathogenic to wheat and barley), respectively. Emergence of Kentucky bluegrass seedlings also was severely suppressed at 15ЊC in soil infested by each of seven isolates of R. cerealis but not by R. solani AG-8 C-1 (Table 5) . R. cerealis isolates CKR1 and CKR6 caused as much damage to seedlings as R. solani AG-8 C-1 based on dry weights of 35-day-old bluegrass seedlings, but five other isolates of R. cerealis had no significant effect on plant dry weights relative to that of seedlings grown in noninfested soil.
DISCUSSION
Open-field burning of Kentucky bluegrass seed fields in September had a consistent positive effect on the vigour of wheat grown in sods collected from these fields in December or in March of the following year and sprayed with glyphosate to kill the bluegrass prior to planting wheat. Growth of wheat planted directly into bluegrass sods collected during October (1 month after burning) was similar whether or not sods had been burned, but was significantly better in burned sods (similar to that in fumigated sods) than in nonburned sods collected side by side from the same fields during December (3 months after burning) or March (6 months after burning). This confirms field observations where wheat, direct drilled into herbicide-killed bluegrass sod, grows and yields significantly better when the field is burned prior to planting than when left unburned (Cook, unpublished observation) . While the biotic and abiotic environment of bluegrass plants in live undisturbed perennial sod is not the same as that encountered by wheat direct-drilled into sod with bluegrass killed by herbicide, such sod is disturbed only by the planter and therefore the moisture and temperature conditions should be similar to that of undisturbed perennial sod.
Frost had penetrated the upper 12 cm of the soil profile in burned areas by the time of sod collection in December, whereas the soil was still frost-free at this time in nonburned areas of the same field where residue acted as an insulator. Historical weather data for the study area indicates an average of 15 days a year with temperatures at or below ¹7ЊC, which would result in a soil surface temperature of about ¹5ЊC. Although the magnitude and duration of controlled freezing of sods collected in October were beyond that likely to be encountered in the field (¹20ЊC for up to 96 h), the fact that freezing resulted in markedly better emergence and growth CKR1  16c  12b  CKR2A  20c  15ab  CKR3  22c  17ab  CKR4A  14c  16ab  CKR6  17c  12b  CKR11  11c  19a  CKR12  18c  15ab a Emergence data were transformed using arcsine √ p, where p is a proportion, prior to statistical analysis. Means within a column followed by the same letter are not significantly (P ¼ 0 . 05) different based on Tukey's multiple comparison procedure.
of wheat subsequently sown into sods suggests that freeze-thaw events can contribute to the enhanced growth of wheat in burned relative to nonburned sods in the field. Freeze-thaw cycles could kill the roots of bluegrass and thereby favour their colonization by strict saprophytes, possibly at the expense of facultative parasites already in the roots (Cook & Baker, 1983) . Any amount of freezing sufficient to kill roots and rootlets inhabited by Pythium and Rhizoctonia spp. theoretically would lower the inoculum potential of these pathogens. In addition, the viability of propagules of certain plant pathogenic fungi decreases rapidly when soil temperatures fall below freezing (Bruehl, 1987) . Mycelial growth of R. solani AG-5 from oat bran inoculum stored at ¹10ЊC for 96 h was delayed and was less vigorous on potato dextrose agar relative to that observed from the same inoculum stored at 4ЊC (Mazzola, unpublished data) . A rapid decline in viability of Fusarium sulphureum was observed in response to freeze-thaw cycling, with spore germination reduced by c. 30% after one cycle and completely inhibited after four freeze-thaw cycles (Barran, 1980) .
The enhanced growth of wheat in response to different sod treatments points clearly to the role of soil-borne plant pathogenic fungi in the relatively poor growth obtained when wheat was sown directly into bluegrass sod. A metalaxyl drench significantly enhanced growth of wheat seedlings sown into nonburned sods collected in April and October 1993, indicating that Pythium spp. contributed to this poor growth performance. Soil fumigation and simulated tillage treatment also enhanced wheat growth in burned sods collected in October and nonburned sods regardless of collection date, and these treatments effectively reduced the incidence of root lesions. The enhanced growth in response to simulated tillage of nonburned sods collected in December 1993 is typical of the response of wheat sown in soil from a Rhizoctonia patch (MacNish, 1984) . That Rhizoctonia root rot contributed to the stunting and spindly growth of seedlings in these sods was further suggested by the abundance of roots with diagnostic spear-tips. It has been shown repeatedly that the increased growth of wheat in response to soil fumigation is the result of control of root diseases, including Pythium and Rhizoctonia root rots, and not the increase in the availability of nitrogen associated with soil fumigation (Cook & Haglund, 1982; Cook et al., 1987; Cook & Haglund, 1991) . Likewise, if the growth response obtained through tillage were simply the result of changes in soil physical properties, a similar enhanced growth response would not have been achieved through soil fumigation.
Studies in both Australia (Roget et al., 1987) and the United States (Smiley et al., 1992) have demonstrated that treatment of grass weeds and volunteer cereals with glyphosate only 2-3 days before direct drilling greatly favours Rhizoctonia root rot caused by R. solani AG-8 on wheat and barley. Under these conditions, the grass weeds and volunteer cereals serve as host plants-a 'greenbridge' (Smiley et al., 1992) -between harvest of one cereal crop and sowing of the next cereal crop. Kentucky bluegrass apparently can serve as another kind of greenbridge for root pathogens of wheat sown directly into sods treated with glyphosate. In the case of wheat or barley direct drilled into wheat or barley stubble, it is critical that the volunteer cereals and grass weeds are treated with herbicide 2-3 weeks rather than 2-3 days before sowing (Roget et al., 1987; Smiley et al., 1992) , to allow time for the inoculum potential of the pathogen to decline. Our experiments were conducted with sods allowed to green-up for 3 weeks before treatment with glyphosate and planting, which may well have intensified the effects of Rhizoctonia and Pythium root rots on the wheat. Nevertheless, our approach permitted us to demonstrate an effect of burning not unlike the effect observed under field conditions. More work is needed to clarify the ideal time period between herbicide treatment of bluegrass and direct drilling of wheat to minimize the potential for root disease of the wheat.
The results of our study also provide indirect evidence that the improved growth and yield of Kentucky bluegrass in response to open-field burning may be due to a suppression in the activity of root pathogens. On the one hand, it is doubtful that the improved growth of wheat could have resulted directly from the sanitation effect previously attributed to burning because emergence and growth of wheat was similar in burned and nonburned sods collected in October, shortly after field burning. Moreover, Johnston et al. (1996) demonstrated that burning of Kentucky bluegrass fields did not significantly change temperatures at 1 and 3 cm below the soil surface, nor did burning alter the germination of sclerotia of Claviceps purpurea. On the other hand, it is plausible that the suppressive effects of the generally warmer and drier soil habitats available to root pathogens in burned sods, the deleterious effect of freeze-thaw events on inoculum potential of soil-borne plant pathogens in burned sods, or both kinds of effects on root pathogens can account for the improved plant growth in response to burning under field conditions.
In spite of the occurrence of Rhizoctonia root rot similar or identical to that caused by R. solani AG-8, no isolates of R. solani AG-8 were recovered from the diseased wheat roots. Recovery of this pathogen from spear-tips and even young lesions is notoriously inefficient because of secondary colonists. Nevertheless, culture-plating 1500 root samples should have produced at least some isolates of R. solani AG-8 if this pathogen had been present. Instead, the isolates recovered were identified as R. cerealis. R. cerealis causes sharp eyespot of wheat (Boerma & Verhoeven, 1977) and yellow patch of turf grasses, including Kentucky bluegrass (Burpee, 1980) . The incidence of sharp eyespot of wheat appears to be favoured in rotations in which wheat is preceded by grasses (Richardson & Cook, 1985; R. W. Smiley, Columbia Basin Agricultural Research Station, 1995, personal communication) . On the other hand, R. cerealis has not been reported to reduce emergence or retard seedling development for wheat, nor has this pathogen been shown to affect Kentucky bluegrass stand establishment or root development. In our study, seven isolates of R. cerealis recovered from roots of wheat grown in bluegrass sod each reduced wheat emergence, delayed or inhibited seminal root development, and caused plant stunting but did not cause the spear-tip symptom characteristic of wheat root infection by R. solani AG-8. Instead, the symptoms produced are similar to those caused by R. oryzae on wheat in studies using the same test conditions (Mazzola et al., 1996) . The isolates of R. cerealis recovered from roots of wheat grown in bluegrass sod were capable of causing severe reductions in the emergence of Kentucky bluegrass and, at 10ЊC, these isolates completely inhibited seedling emergence. In addition, some isolates caused root rot of young bluegrass seedlings that resulted in significantly lower plant dry weights. Our findings suggest that R. cerealis is potentially both an impediment to the establishment of Kentucky bluegrass fields from seed in the Pacific North-west and a potential constraint to yield of wheat following bluegrass in rotation, but they do not rule out a role for R. solani AG-8 in the root rot complex on wheat planted into bluegrass sod.
